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Section 1 

INTRODUCTION AND SUMMARY 


1.1 INTRODUCTION 

The Passive Orbital Disconnect Strut (PODS) support system was developed under 
contract NAS2-10848 (Refs, 1, 2, 3). Struts were analyzed, designed, 
fabricated, and tested structurally and thermally. Tests on a single strut 
Included thermal conductance to helium temperature, thermal expansion data, 
loads to thermally short out the strut, ultimate loads, evacuation rates, and 
fatigue tests at liquid-nitrogen temperature. Load tests on a set of six 
struts Included axial and side-load tests and the effect on strut shorting of 
simulated asymmetric temperatures of the vacuum shell. 

The Task 1 modal resonance tests described in this report complete the test 
series on the PODS-111 version of the strut. The Task 2 benefit study In this 
report addresses use of POOS— 111 supports on Orbit Transfer Vehicle (OTV) and 
Space Station (SS) liquid-oxygen and liquid-hydrogen tanks and compares 
PODS-111 supports to >. ^disconnect strut supports. 

The PODS-111 support Is ready for use on flight dewars or other support 
applications. A new version of the strut (P0DS-1V) with Improved resistance 
to side loads Is being developed on contract NAS2-11946, amendment 1. The 
P0DS-1V support Is the current selection for supporting the 1580-1 superfluid 
helium tank on the Gravity PrObe-B program. Other missions where the PODS 
supports may be used Induoe S1RTF, LDR, OTVs, Space Station, and other NASA 

and DoD missions. 
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1.2 SUMMARY 


The objectives of this program are: (1) to perform modal resonance testing of 
the POOS-III supports and compare the results to predicted values so that all 
engineering data required for use on flight systems are available; and (2) to 
determine possible performance Improvements as compared to nondlscoimect 
struts In large 11qu1d-oxygen/11 quid-hydrogen (L0 2 /lh 2 ) tank space 
applications. 

Task 1 - Modal Vibration Tests 

Using the POOS-III supports and the denar simulator developed under contract 
NAS2-1 0848, a modal resonance survey Is performed on the set of six struts 
assembled In the dewar simulator. Survey conditions simulate launch and 
simulate orbital loadings of the struts. The orbital load range spans a full 
to an empty tank. The frequencies surveyed cover the range consistent with 
Space Transport System (STS) qualification requirements and the principal 
resonant modes of the strut system. The results of these tests are compared 
to predicted results based on strut dimensions and measured modulus values. 

Task 2 - Benefit Study 

The benefit of using POOS-III supports on OTV and Space Station L0 2 and 
LHg reference tanks Is compared to using present state-of-the-art (SOTA) 
nondlsconnect struts. These studies are performed on four different L0 2 and 
LH 2 tanks (1) holding the launch resonance at 35 Hz and varying the orbit 
resonance from 1 to 20 Hz. (2) analyzing both full and empty tanks at launch, 
(3) varying orbit boundary temperatures from 150 to 250 K, (4) varying the 
number of struts from 6 to 12, (5) varying orbit times up to 5 years, and (6) 
using or not using vapor cooling. 
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Section 2 

PODS-I I I DESIGN CONCEPT 

Figure 2-1 presents the PODS-III support concept. A minimum of six struts 
(three pairs) Is required to support a cryogen tank. (Six struts provide a 
statically determinate support system In all axes.) As the tank diameter 
changes due to cooldown or pressurization, the angled plnned-end struts are 
free to move In and out as the tank moves up or down slightly a value of H. A 
similar adjustment occurs automatically as the vacuum shell changes diameter 
In orbit due to temperature changes. 

For purposes of Installation, the warm end of the strut provides a length 
adjustment feature. The threads on the rod-end fitting and length adjustment 
are a different pitch; consequenty, by rotating the adjustment hex, precise 
length adjustments can be made during strut Installation without rotating the 
strut. This feature allows length adjustments after the vapor-cooled shields 
are attached to the struts. 

The cold end of the strut provides the passive orbital disconnect feature. 

The cold rod end fitting/stem Is connected to the body by a thln-wall 
fiberglass or graphite/epoxy orbit tube and adjustment bushing. The conical 
stem load-bearing surfaces are separated from the nut (tension) and body 
(compression) by an axial gap of -0.076 mm (0.003 In.) at operating 
temperature. At ambient temperature, the gaps are set to take Into account 
the differential shrinkage between the various parts. During one-g thermal 
test or orbital flight, the conical surfaces do not touch. Consequently, heat 
Is transferred from the body to the thln-wall orbit tube/stem/rod end fitting 
subassembly by radiation and by conduction along the orbit tube. 
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Fig. 2-1 POOS— I II Support Concept 

During launch, the g load elastically deforms the orbit tube along Its axis; 
the conical shoulder of the stem rests hard on the body (compression) or nut 
(tension). The load path bypasses the orbit tube. The major thermal 
resistance and load path during launch Is now the launch tube. Upon achieving 
orbit, the conical shoulder of the stem passively disconnects from the body or 
nut, and the major thermal resistance is again the thin-wall orbit tube. 
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This design combines the desirable features of a thermal disconnect during 
ground hold and orbit with the high reliability of a completely passive 
design. Since the struts do not short out In one-g, the orbital performance 
of the struts can be demonstrated In one-g thermal qualification tests and the 
ground hold neat leak Is lower. These are both highly desirable features. 
Details of prior analyses, design, fabrication, and structural and thermal 
test results are provided In Refs. 1, 2, and. 3. 
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Section 3 

TASK 1 - MODAL VIBRATION TESTS 
3.1 TEST ARTICLE AND SETUP 

Figure 3-1 show# the POOS-III test ertlcle. Strut number six from Ref. 3 was 
Inttrwientitd for these te*U. T.M. .3-1 prov1d« xeewred eherecterUtlcs of 

the strut. 

A dewar simulator was designed so that simulated ground hold, launch, or orbit 
loads could be applied during the modal resonance tests. These Include 
simulated loads from the weight of the tank, hellwn, vapor-cooled shields, and 

Insulation. 

The simulator was fabricated and Installed In a three-post load machine as 
shown In Fig. 3-2. A 56-kg (123.5-lb) triangular aluminum plate and six 
adjustable clevis fittings simulate the aluminum tank attachments. Three 
aluminum blocks are attached to the three load posts. Six adjustable clevis 
fittings attached to the blocks simulate the vacuum shell attachments. The 
six struts are Installed as shown at a 55-deg angle from the horizontal. 

Axial compression or tension hydraulic loads were applied at the geometric 
center of the simulated tank through a load cell and large spherical bearing. 
For some tests, the weight of the simulated tank was taken off the struts by 
suspending the weight from a pinned clevis on the top center of the trl angular 
aluminum plate. All struts were electrically wired using six light bulbs and 
a power supply to Indicate when each strut shorted under load. 

Trl axial accelerometers were mounted to a steel block which In turn was 
mounted to a steel hose clamp (Fig. 3-2). The clamp was mounted on the 
PODS-III fiberglass tube at different locations during the tests. To ensure 
that the clamp contributed no spurious frequency responses, the trlaxlal 
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Fig. 3-1 PODS-III Support Strut Assembly 




Table 3-1 CHARACTERISTICS OF PODS-1I1 STRUT NO* 6 


Length, 

rod end to rod end centers: 

0.5907 m (23.256 In.) 


Fiberglass Tube 





e 

Unsupported Length: i 

0.422 i 

ii (16.60 in.) 



e 

ID: 0.02799 m (1.1018 In.) 




e 

OD: 0.02938 m (1.1566 In.) 




a 

Cross Sectional Area: 

6.27 

x 10“ 5 m 2 (0.0972 In. 2 ) 


e 

Modulus: 5.4 x 10^ i 

N/m 2 (7.8 x 10® psl) 



Graphite Tube 





e 

Unsupported Length: 

O 

• 

o 

4* 

m (1.64 In.) 



• 

ID: 0.01524 m (0.600 

In.) 




4 

OD: 0.01582 m (0.623 

In.) 




e 

Cross Sectional Area: 

1.45 

x 10“ 5 m 2 (0.0221 in. 2 ) 


• 

Modulus: 10.8 x 10^° 

N/m 2 

(15.7 x 10 6 psl) 


Weight (Fig. 3-1) 





Item No 

• 

g 

Item No. 


g 

1 

Rod Ena, Cold 

42.5 

10 

Clamshell, Large 

21.0 (ea) 

2 

Jam Nut 

3.6 

11 

Body, Warm End 

64.4 

3 

Stem 

33.0 

12 

Length Adj. 

39.7 

4 

Nut 

60.0 

13 

Jam Nut 

21.7 

5 

Body, Cold End 

148.3 

14 

Jam Nut 

3.6 

6 

Adj. Bushing 

19.2 

15 

Rod End, Warm 

42.5 

7 

Clamshell, Small 

1.8 

(ea) 16 

Spacer 

0.1 

8 

Small Tube 

1.1 

17 

Spacer 

16.2 


(Graphite) 


18 

Radiation Shield 

1.1 

9 

Large Tube 
(Fiberglass) 

58.0 



600.6 


accelerometer block Mas also mounted directly to the PODS- 111 end fittings 
with beeswax In a separate test. A comparison of the data showed the clamp 
had no effect on the frequency response of the str -t. Data were acquired and 
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TRIAXIAL ACCELEROMETERS 



Fig. 3-2 Dewar Simulator With PODS-III Strut No. 6 Instrumented for 
Modal Resonance Tests 






analyzed using a GENRAD 2515 Dynamic Data Analyzer and a load cell 
Instrumented hammer/ tap test technique. 


3.2 TEST PROCEDURE 

The trl axial accelerometers were mounted to the hex Jam nut 

FH. 3-1) with beetwex. The strut wet tapped on the length adjustment Item 

U Flo. 3-1) with the loed cell Instrumented hamaer while different exlel 

loads were wiled to the .truts (Fig- 3-3). The trelxlel 

then ett.cJt.~the steel clw. •"« the clw «. attached to 

tubes in one of si* lections (Fig. 3-4). Different loads were W led to the 

struts (Table 3-2), and the strut shorting was monitored with the light bulbs. 

Each of the eight modal tests was repeated six times with the trlaxlal 
accelerometers moved to the si* locations shown In Fig. 3-4. The excitation 
mas performed using the load cell Instrumented hmmner. The X-axis was the 
axis of excitation. The point of hanmer Impact was the hex face of the 3am 
nut (Item 13, Fig. 3-1) below accelerometer locations 1 and 2. 

Modal data were analyzed on the GENRAD 2515. Since the structure te'.ced was a 
simple cylindrical shape, the computer model used to describe Its mo a 
dynamics was a rectangle formed by the bisecting V-axIs plane ot the strut 
.bout which the accelerometer locations were placed. Figure 3-4 (as-analyzed 
diagram) describes the computer model. The accelerometer '““'onsandaxlal 
orientation of both the "as-tested” and the "as-analyzed configurations are 

Identical. 


3.3 TEST RESULTS . 

The model analysis revealed two types of fundamental modes! colum n be nding ^ 
and strut torsion. In a few cases a complex mode consisting ot a combination 
of both bending and torsion was seen. The dynamic modes and associated 
fundamental frequencies end damp1"9 coefficients are surnnarlzed In Table 3-3 

and plotted In Fig. 3-5. 
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Table 3-2 LOAD CASES TESTED 


Test 

No. 

Load 

Direction: 

C-Compresslon 

T-Tenslon 

Load On 
On All Six 
Struts 
N (Ibf) 

Stmt: 

Shorted-S 

NonShorted-NS 

Simulates: 
Ground Hold (GH) 
Orbit (0) 
Launch (L) 

1 

mm 

0 

NS 

0 

2 

T 

8,896 (2000) 

NS 

GH 

3 

A 

T 

17,792 (4000) 1 

s 

vll 1 

1 

4 

T 

35,584 (8000) 

s 

V 

L 

5 

C 

549 (123.5) 

NS 

GH 

6 

7 

C 

C 

2,224 (500) 
8,896 (2000) 

NS 

S 

GH 

L 

8 

C 

35,584 (8000) 

S 

L 


In Fig. 3-5, the lowest fundamental frequency Is plotted versus the square 
root of the applied axial load. There appears to be a slight step change In 
slope between the shorted and nonshorted cases. 


Mode shape estimations were performed In reference to the center accelerometer 
locations (3 and 4). All other location responses were Integrated Into the 
modal models. To develop a high degree of confidence In the computer modal 
model estimations, admittance function phase data were examined. 

Accelerometer location sets (l.e., 1*2, 3*4, 5*6) were at the same 
longitudinal location on the stmt but were rotated 180 deg. Consequently, 
the cl amp/xcel erome ter assembly was merely rotated 180 deg to acconmodate the 
opposite set location. This did not effect Z-axIs measurements; however X- 
and Y-axis measurements of opposite locations were 180 deg out of phase. 

Figure 3-6 Illustrates this. These are admittance function plots of locations 
3 and 4 In the X-axis (the upper plot Is location 4 In the X- direction, the 
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Table 3-3 NODAL TEST RESULTS 


Test No. 
(Table 3-2) 

Fundamental 
Freq. (Hz) 

Dating 

Coeff. 

Node 

Dynamics 

1 

99.8 

222.5 

0.02183 

0.01491 

Primary Bending 
Primary Bending 

2 

142.4 
254.0 
483.3 .. 

0.02401 

0.00756 

0.00940 

Primary Bending 
Primary Bending 
Primary Torsional. . 

3 

174.8 

449.6 

474.1 

0.03657 

0.01062 

0.02748 

Primary Bending 
Primary Bending 
Primary Torsional 

4 

194.9 

459.1 

462.2 

482.2 

0.01226 

0.00706 

0.00069 

0.00731 

Primary Bending 
Primary Bending 
Primary Torsional 
Primary Bending 

5 

125.2 

137.6 

423.5 

454.1 

0.01450 

0.01782 

0.02618 

0.00869 

Primary Bending 
Primary Bending 
Complex Bending/Torsi onal 
Complex Bending/Torsi onal 

6 

111.9 

120.4 

222.1 

0.01352 

0.04342 

0.09968 

Primary Bending 
Primary Bending 
Complex Bendlng/Torslonal 

7 

132.9 

148.9 
428.0 

0.09755 

0.00612 

0.03669 

Primary Bending 
Primary Bending 
Primary Torsional 

8 

124.5 

137.3 

422.9 

0.01602 

0.01117 

0.03585 

Primary Bending 
Primary Bending 
Primary Torsional 


Cautionary Note: During tests 1 and 5, the strut tended to 
rattle on Its mountings when dynamically excited, so the 
associated data contain some uncertainty. 


lower plot Is location 3 In the X+ direction). Comparing the phase angles 
(accelerometer direction) at the circled fundamental frequencies reveals that 
accelerometers are 180 deg out of phase. Since the accelerometers are 
physically 180 deg out of phase, simultaneous motion of the two accelerometers 
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Fig, 3-5 Modal Test Results 


In the same direction Is Indicated, and the associated mode Is bending. 
Conversely, If the phase angles are the same, simultaneous opposite motion 
occurs. Indicating a torsional mode. 


Admittance functions In the V- and Z-axes were also examined to determine any 
off-axis fundamental modes. No such modes were found. Appendix A presents . 
admittance- functions for all of the static loadings at locations 3X+, 4X-, 
5X+, 3Y+, and 32- . 
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3.4 PREDICTED TEST RESULTS 


3.4.1 Model Used 

Finite element analysis (FEA) models of the PODS-III test article were 
developed using Lockheed's ASTRO computer program (Ref. 9). Initial analyses 
for all preload cases tested revealed that the strut's fundamental mode did 
not Include any participation of the 56-kg (123.5-lb) triangular plate; hence, 
for the analyses reported herein, the FEA models represent a single PODS-III 
strut. 

Two versions of the strut model were developed. The first version, depicted 
In Fig. 3-7, simulates the strut's test configuration by Incorporating the 
lumped weight of the trlaxlal accelerometer assembly (17.5 g) and the hose 
clamp (27.4 g). Since the accelerometer/clamp-assembly weight equaled 
85 percent of the fiberglass tube's unsupported weight. It was necessary to 
ado this weight to obtain frequency results that compare with the test data. 

As In the tests, the location of the accelerometer/clamp assembly was varied. 
The averaged frequency results determine the strut's fundamental frequency for 
each preloao case. The second version, depicted In Fig. 3-8, simulates the 
strut's as-built configuration. 

The strut FEA models consisted of eight beam elements as shown In Figs. 3-7 
and 3-8. The center four elements represent the strut's unsupported 
fiberglass tube length with properties as summarized In Table 3-1. The end 
beam element was employed to simulate the orbit and ground-hold (open gap) and 
launch (closed gap) configurations. Rigid elements used to offset the 
accelerometer and clamp weights are shown In Fig. 3-7. The weight of the 
fiberglass tube was evenly distributed over the five Intermediate nodes and 
other strut-end Item weights (Table 3-1) were lumped at the tube's end nodes, 
with half the weight lumped to ground. 

As noted, the model's end beam element was used to simulate orbit and launch 
models. The orbit model, due to Its Increased flexibility, was tuned by 


s> 
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Fig. 3-8 Strut Model Without Accelerometer 
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adjusting the end beam's stiffness to agree with results of Test 2 and then 
analyzed for the other relevant preload conditions. The launch model end 

■embers were simulated by rigid beam elements to reflect the additional 
stiffness of the strut while In this configuration. 

3.4.2 Predicted Versus Test Results 

The goal of the analyses summarized herein was to define and analyze an 
analytical model and to compare the model's fundamental frequency with that 
obtained experimentally. Table 3-4 summarizes the analyses performed for the 
test and as-built FEA models. In general, the launch model test configuration 
frequencies compare very well with test results for all cases except Test 8. 
Orbit and ground-hold model test simulation results demonstrate frequencies 
substantially higher than determined by test, except for Test 2 for which the 
analytical model was tuned. As-built simulation-model frequencies are 
consistently higher due to removal of the accelerometer/clarap lumped weight. 


Table 3-4 MODEL ANALYSIS VERSUS TEST RESULTS 


Test 

Results 

Test 

Simulation 

(With 

Accelerometers) 

As-Built 

Simulation 

(Without 

Accelerometers) 

msm 

130.1 

142.5 


141.1 

154.4 


172.6 

192.3 

194.9 

193.5 

215.4 

125.2 

129.4 

141.7 

111.9 

126.3 

138.3 

132.9 

134.8 

150.2 

124.5 

79.4 

88.5 


Model 


Orbit 

Ground Hold 

Launch 

Launch 

Ground Hold 

Ground Hold 

Launch 

Launch 
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Section 4 

TASK 2 - BENEFIT STUDY 

To determine the benefit of using PODS-III supports, reference LOg end LH^ 
tanks were established (Ref. 7) for both an OTV mission of 1 month or less and 
space station storage (SSS) tanks with storage times of up to 5 years. The 
PODS-III supports were compared with state-of-the-art (SOTA) fiberglass 
struts. An alternate SOTA support, tension bands. Is heavier for supporting 
sucii large tanks due to the large structures required to react the tension 
loads. For smaller tanks, the vacuum shell reacts the support loads. For 
these large tanks, vacuum shells are too heavy. PODS and SOTA struts were 
optimized using the DEWAR optimization program for full tanks at STS launch, 
empty tanks at STS launch, 35-Hz launch resonance, and 1- to 20-Hz orbit 
resonances. 

Four thermal models were set up for both POOS and SOfA supports with and 
without vapor cooling. These models Included the supports, multilayer 
Insulation (MU), vapor-cOoled shields where applicable, and fill and vent 
lines. The optimized dimensions of the supports for the different cases were 
input into the thermal models and run for hot boundary temperatures of 150, 
200, and 250 K, vapor cooling or no vapor cooling for the SSS tanks and no 
vapor cooling for the OTV tanks, and storage times up to 1 month for the OTV 
tanks and 5 years for the SSS tanks. These total heat loads to the tanks were 
then used as the basis for the support evaluation and recommendations. 

Table 4-1 summarizes the parameters that were used In the study. 

4.1 REFERENCE TANKS 

The reference 2219 aluminum LOg and LHg tanks used in the study are shown 
in Fig. 4-1. The support-structure dimensions and tank dimensions were held 
constant and the strut angles Mere allowed to optimize. The MU is double 
aluminized mylar/silk net with a degradation factor of 1.5. The tanks have 


PRECEDING PAGE BLANK NOT FILMED 


21 


»Aflf 30 INTENTIONALLY HANI 



Table 4-1 PARAMETERS USED TO EVALUATE THF SUPPORTS 


Conditions Evaluated 



Minimum launch Resonance 

35 Hz 

35 Hz 

Minimum Orbit Resonance 

5 to 20 Hz 

1 to 20 Hz 

Initial Launch Condition 

Full /Empty 

Full /Empty 

Hot Boundary Temperature Range 

150 to 250 K 

150 to 250 K 

Struts 

6—12 

6-12 

Orbit Times 

Up to 1 month 

Up to 5 years 

Vapor-Cooled Shields 

Without 

With/Without 


titanium fill and vent lines with approximately one-half the conductivity of 
stainless steel, aluminum vapor-cooled shields (SSS tanks only where 
applicable), and purge bag plus plumbing components If launched with cryogen. 
A summary of the launch weights for both full and empty tanks Is provided In 
Table 4-2. The weights were calculated using the factors shown In Table 4-3. 
The SSS 10 2 tank is only partially loaded In the “full" column due to STS 
launch constraints of -28,000 kg (62,000 lb). These weights are used In the 
DEWAR optimization program to size the supports. 

4.2 SUPPORT OPTIMIZATION 

4.2.1 Support Optimization Program (DEWAR) 

The objective of this support thermal /structural optimization program Is to 
minimize the flow of heat from the outer structure to which the struts are 
attached. In addition, enough structural rigidity muit be maintained to keep 
the lowest frequencies at launch and during orbital conditions above certain 
specified values, and stresses due to assembly and launch loads must be kept 
below those that would cause buckling or material failure. 

In the analysis, the outer structure and the tank to which It Is attached are 
assumed to be rigid, and the supports are assumed to be massless. For more 
detailed calculations, the rigidity of the structure and tank and support mass 
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19459. 4 kg (42.900 
17.0 m 3 (601 ft 3 ) 



(DIMENSIONS IN METERS) 


Fig. 4-1 Cryogen Tank Characteristics 


Table 4-2 TANK LAUNCH HEIGHTS 
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♦Mxinium load dur to Orbiter 1 1mitations 






































































































































Table 4-3 FACTORS USED TO CALCULATE WEIGHTS 


Item 

LOg 

lh 2 

Tanks 

0.012-kq tank 
1 kg lu^ 

0.21-kq tank 

1 kgLn 2 

MLI 

p - 30.8 kg/m3 
(1.92 lb/ft3) 

1.8 cm (OTV) (Ref. 8) 

3.8 cm (SSS) (Ref. 7) 

5.1 cm (OTV) (Ref. 8) 
12.7 cm (SSS) (Ref. 7) 


(Thicknesses set based on study 
results of other programs.) 

Vapor-Cooled Shields 

0.98 kg/m2 (0.20 Ib/ft^) 

0.98 kg/n>2 (0.20 lb/ft2) 

Plumbing 

68 kg (150 lb) 

91 kg (200 lb) 

Purge Bag 

0.5 kg/m2 (o.l lb/ft2) 

0.5 kg/m2 (0.1 lb/ft2) 

Purge Plumbing 

High-pressure GNg bottle 
sized for 5 volume 
changes plus plumbing 

High-pressure GHe bottle 
sized for 5 volume 
changes plus plumbing 


should be accounted for. It Is also assumed that the vapor-cooled shields and 
Insulation are rigid, supported by elastic struts which carry loads only along 
their axes (pinned ends). 

In the PODS concept, the effective axial stiffness (EA/L) e ^ and heat flow 
conductance (KA/L) e ^ change abruptly from the launch condition to the 
orbital conditions due to a "disconnect" feature within each strut, so the 
design of each of these support systems Involves solving of two optimization 
problems, one corresponding wo the launch phase and the other corresponding to 
the orbital phase. The SOTA support strut Involves solving one optimization 
problem corresponding to the launch condition only, since the nature of this 
support system does not change for the orbital phase and the launch phase 
represents the more severe environment. 

The program Inputs Include: (1) weights and dimensions of the Insulated 

tanks, (2) quasistatic and dynamic acceleration g-factors, (3) launch and 


25 







orbital frequency constraints, (4) Young's modulus and the maximum allowable 
stress of the fiberglass or graphite tubes, and (5) thermal conductivity of 
the tubes* Program outputs Include: (1) center of gravity locations and 
polar and tilting moments of inertia of the supported tanks? (2) design 
margins at launch of maximum stress, tube column (Euler) buckling, and tube 
shell (local) buckling; (3) strut length and diameter, strut spacing and 
angles, and cross-sectional area and wall thickness of the launch tube; (4) 
launch and orbital frequency margins In lateral, tIK, axial, and torsional 
modes; and (5) the axial length and cross-sectional area of the orbit tube for 
the PODS support. 

Optimization Is carried out by a nonlinear programming algorithm called CONMIN 
(Refs. 4,b' . This program, written by Vanderplaats In the early 1970s, Is 
based on a nonlinear constrained search algorithm due to Zoutendljk (Ref. 6). 
The basic analytic technique used In CONMIN Is to minimize an objective 
function (e.g., heat flow) until one or more constraints, in this case 
vibration frequencies, buckling loads, maximum stress or strain, and upper and 
lower bounds on design variables, become active. The minimization process 
then continues by following the constraint boundaries In design variable space 
In a direction such that the value of the objective function continues to 
decrease. When a point is reached such that no further decrease In the 
objective function Is obtained* the process Is terminated. 

4.2.2, DEWAR Inputs and Constraints 

Figure 4-2 provides criteria for selecting the appropriate composite for the 
PODS-III “orbit'' tube on the LH 2 tank. Both thermal conductivity (k) and 
modulus (E) values affect the choice. The lower the k and the higher the E 
(lowest k/E ratio), the more desirable the choice. The modulus affects the 
spring rate (K) and consequently the resonance value (il) of the supports 
(Ra spK) plus the column buckling and local crippling strength. If constraints 
such as minimum wall gage are encountered during the optimization procedure, 
the modulus value cannot be used to full advantage. 
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WARM END TEMPERATURE OF ORBIT TUBE (K) 



Fig. 4-2 Selection Criteria for Orbit Tube Composite 

When the orbit tube warm-end temperature Is below 27 K, the Integrated thermal 
conductivity and k/E values of graphite/epoxy are below that of glass/epoxy 
(Fig. 4-2). Between 27 K and 61.5 K, the Integrated k/E ratio of 
graph Ite/epoxy Is below that of glass/epoxy but not the k value. 

Consequent ly, In this range the DEWAR optimization program must be run with 
both composites before a choice can be made. 

Above 61.5 K, glass/epoxy Is the optimum choice In all cases for the orbit 
tube on the LH 2 tank due to the lower k and k/E ratio. The optimum choice 
for the POOS— II I launch tube on the LH 2 tank and the launch or orbit tubes 
for the 10 2 tank Is fiberglass/epoxy due to the higher temperature ranges 
(90 K and higher) and higher graphite/epoxy conductivity. 

For all analyses In this section, fiberglass/epoxy tubes were assumed for both 
cryogens and the launch or orbit tubes. (The minimum wall gage constraint was 
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exercised 12 out of 18 times for the LH 2 orbit tube as shown In Table 4-5.) 

If additional analyses were run on both composites In the 27- to 61.5-K range 
for the LHg tank, a graphite/epoxy orbit tube for the LH 2 tank may be 
optimum for some of the cases shown, providing additional performance 
improvement of the PODS-III support over the SOTA strut. 

Table 4-4 presents Inputs and constraints to the DEWAR program. The tank 
•density*' values were calculated from the tank dimensions (Fig. 4-1) and tank 
weights (Table 4-2). The modulus value used was measured In Ref. 3. The 
maximum allowable stress Is 22 percent of ultimate to allow for 10® fatigue 
load cycles (Ref. 3, Fig. 2-6). The axial and lateral g loads were assumed to 
be equal for these calculations and are the sum of the STS quasistatic 

(3.17 g) and dynamic (g ■ 204.5 x W s "°* 5372 ) accelerations where W s Is the 
supported weight In kilograms (Ref. 3, Fig. 6-4). 

The minimum launch resonance was taken from Ref. 1. The orbit resonances were 
varied over a broad range to determine their Impact on PODS-III performance. 
Minimum wall thicknesses were set based on manufacturing limitations. The 
outer diameter of the orbit tube Is always smaller than the Inner diameter of 
the launch tube due to the design of the PODS-III support. 

4.2.3 DEWAR Results 

Table 4-5 summarizes the DEWAR optimization results for the PODS-III 
supports. The SOTA strut dimensions were assumed to be the same as those of 
the PODS-III support (excluding the orbit tube). 

4.3 THERMAL ANALYSES 

Finite-element thermal models were developed using THERM and the reference 
tank data from Section 4.1 and the optimized support data from Section 4.2. 
The resulting heat rate data allowed a comparison between PODS-III supports 
and SOTA struts for a variety of different cases. 
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Table 4-5 PODS-III OPTIMIZED DIMENSIONS 


3 3 3 ft ft ft 3 3 sis 3 S 3 3 3 3 S S 



♦Circumferential angle* #» is 30 deg for all cases 














































Table 4-5 (Cont.) 
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4.3.1 THERM 



Detail design analyses are done with THERM, the Lockheed thermal analyzer 
computer program, on the UNI VAC 1110 computer. The configuration Is 
arbitrarily divided Into nodes by the designer, and THERM uses a finite- 
difference solution for the three-dimensional heat transfer equation at each 
node. Programs with well over 1000 nodes have been run with no difficulty. 
Steady state occurs when the largest temperature difference of any node 
between consecutive Iterations Is less than a value specified In the program. 
Subroutines for THERM can be performed at many places In the calculation. Two 
examples are: (1) at each iteration, the temperature-dependent properties can 
be recalculated and (2) heat maps can be obtained for different nodes. 

4,3.2 Thermal Models 

Four finite-element thermal models- were developed for the following cases. 


Support 

Cryoqen 

Vapor 

Cooled 

Fig. No. 

POOS-III 

LQz or LH 2 

No 

4-3 

SOTA Strut 

LOg or LH 2 

No 

4-4 

POOS-III 

LO 2 or LH 2 

Yes 

4-5 

SOTA Strut 

LO 2 or LH 2 

Yes 

4-6 


Table 4-6 provides the modeled system resistors. Areas for the MLI were 
calculated from data in Fig. 4-1, and MLI thicknesses were taken from Table 
4-2. An MLI degradation factor of 1.5 was used In the conductivity algorithms 
(Ref. 1). The optimized PODS— I I I and SOTA support dimensions were taken from 
Table 4-5. Table 4-6 presents the fill and vent line characteristics. 

The vapor-cooled modeling used the cathode follower method. The method 
determines the amount of heat [Q - mC p (T H - T c )] a fluid can pick up as 
It flows from node to node. Sink nodes are used to remove the heat from the 
model. The struts and vent line were thermally grounded to all three 
vapor-cooled shields. The fill line was grounded to only the Inner shield. 
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Fig. 4-3 PODS-III/Tank Thermal Model Without Vapor-Cooled Shields 


SOTA SUffOKt 



VC Ht TUBI 


Flo. 4-4 SOTA Strut/Tank Thermal Model Without Vapor-Cooled Shields 







Table 4-6 MODELED SYSTEM RESISTORS 


System Components 


PODS-III 
Rod End, Harm 
Length Adjustment 
Body, Harm 
Bond Line 
Large Outer Tube 
Bond Line 
Body, Cold 
Adjustment Bushing 
Bond Line 
Small Inner Tube 
Bond Line 
Stem 

Rod End, Cold 


SOTA - Same as above except for the following: 
Bond Line 
Body, Cold 
Stem 

Rod End, Cold 


MLI 


Fill Tube 2.54 cm dlam. x 0.051 cm x 61 cm 
(1*0 In. dlam. x 0.020 In. x 24 In.) 


Vent Tube 1.27 cm dlam. x 0.0254 cm x 101.6 cm 

(O.S In. dlam. x 0.010 in. x 40 In.) 

Vapor-Cooled Shields 


Resistors 



30-33 


40-41 


50-53 


Material 


Inconel 718 
Invar 
Invar 
Epoxy 

S-Glass/Epoxy 

Epoxy 

Invar 

Invar 

Epoxy 

S-61ass/Epoxy 

Epoxy 

Invar 

Inconel 718 



Invar 

Inconel 718 


DAM/SI Ik Net 


Titanium 6 A1 4V 


Titanium 6 A1 4V 


6061 Aluminum 











4.3*3 Results 


The following tables provide a breakdown of the calculated heat rates as a 
function of warm boundary temperature, orbit resonance, and full or empty 
tanks at launch. 


Table No. 

Tank 

Vapor Ci 

4-7 

OTV - 10 2 

No 

4-8 

OTV - LH 2 

No 

4-9 

SSS - LOg 

No 

4-10 

SSS - lh 2 

No 

4-11 

SSS - lo 2 

Yes 

4-12 

. SSS - lh 2 

Yes 


From these tables, the ratio of the total heat rate for PODS supported SSS 
tanks to SOTA strut supported tanks is plotted versus the warm boundary 
temperature, full or empty tanks at launch, and orbit resonance (Figs. 4-7 
through 4-10). The Inverse of this ratio Is also plotted for the struts-only 
heat leak In Fig. 4-11. 


The following trends appear In the data: (1) the KM heat rate Is dominant; 
(2) lower orbit resonance values (smaller A/L ratios) and lower warm boundary 
temperatures (where ML I heat rate decreases faster than support heat rates) 
Improve the POOS— II 1 supported tank thermal performance versus SOTA struts; 

(4) non-vapor-cooled POOS— III support tanks show greater relative performance 
gain over SOTA struts than when the struts are vapor cooled; and (S) launching 
tanks empty provides the smallest relative gain In PODS— III tank performance 
Improvement over SOTA struts. 


The empty tanks are filled In orbit from a supply tank; consequently, 
additional cryogen Is required for cooling down the warm tank. A second 
launch may be required to bring up the extra cryogen, and a supply dewar Is 
required. 
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Table 4-7 OT/ HEAT RATES, TANK (a*l) 





Table 4-8 OTV HEAT RATES, LH £ TANK («W) 



1 





i 


i 
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Table 4-9 SSS HEAT RATES, 10 2 TANK (iWW) 
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Table 4-11 SSS HEAT RATES, VAPOR-COOLED LOg TANK (fflH) 
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'5,12.5 
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CESIGNED 
FOR EMPTY 
TANK 

AT LAUNCH 


STRUTS 
DESIGNED 
R FULL 
* k NK 

AT LAUNCH. 


Fig. 4-7 Relative Reduction In Tank Heat Rate for the OTV LOg Tank 
(PODS Versus SOTA Struts) 
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Fig. 4-8 Relative Reduction In Tank Heat Rate for the OTV LH 2 Tank 
(POOS Versus SOTA Struts) 
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Fig. 4-10 Relative Reduction in Tank Heat Rate for the Space Station 
LH 2 Tank (POOS Versus SOTA Struts) 
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Fig. 4-11 Ratio of Strut Heat Rate for the Space Station Tanks (PODS 
Versus SOTA Struts) 
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The support heat rates can be kept equal between the PODS-III supports 
(designed for 35 Hz during launch with a full tank) and the SOTA struts 
(designed for 35 Hz during launch with an empty tank) by lowering the PODS-III 
orbital resonances to the following values. 


Tank 

Vapor 

Cooled 

Full Tank 
PODS-III Orbital 
Resonance, Hz 
(Designed for Full 
Tank at Launch) 

Full Tank 
SOTA Strut Orbital 
Resonance, Hz 
(Designed for Empty 
_ Tank at Launch) 

OTV-Ufe 

No 

4 

A 

otv-lh| 

No 

15 

16 

SSS-LO? 

No 

3 

A V 
6 

SSS-LCb 

Yes 

8 

i 6 

SSS-LH 2 

No 

15 

V 

16 

SSS-LH 2 

Yes 

23 
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The orbital resonances for the SOTA struts and PODS-III are comparable. 
However, the PODS-III strut-supported tanks can be launched full or empty, 
with potentially lower launch costs (1 versus 2 launches). For the OTV 10 2 
tank, orbit resonances of 4 to 8 Hz would probably not be acceptable during 
orbital engine firings. The L0 2 PODS supports with low orbital resonances 
would short and drive the strut resonance higher to “launch values” during 
orbital engine firings. The difference In fabrication costs between PODS-III 
supports and SOTA struts Is Insignificant compared to the total costs of a 
cryogen system (Ref. 2). 

The calculated heat rates were translated Into cryogen left for vented systems 
(Figs. 4-12, 4-13) and pressure rise versus time for nonvented systems 
(Figs. 4-14 through 4-17). An orbital resonance of 20 Hz was arbitrarily 
selected for the OTV tanks due to the higher orbital accelerations they 
experience. A lower 10-Hz orbital resonance was arbitrarily selected for the 
SSS tanks due to minimal accelerations they experience In orbit. 



NO BOIL-OFF 


STRUTS SIZED FOR 
INITIAL LAUNCH 
CONDITION OF: 

PODS-II! 

PULL V V 

EMPTY V* 

SOTA 

FULL 8 - O 

EMPTY 0- — — -9 • 

POOS ORBITAL FREQUENCY « 20 Hs (OTV) 

• 10 H< (SSS) 


HOT BOUNDARY TEMPERATURE (K) 


Fig. 4-12 IO 2 Loss for Vented Tanks 
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LH, REMAINING /TOTAL INITITAL LHj 



HOT BOUNDARY TEMPERATURE (K) 


Fig. 4-13 LH 2 Loss for Vented Tanks 
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t h SUPPORT T C • "•* K 



STRUTS SIZED FOR 
INITIAL LAUNCH 
CONDITION OF: 
POOS-III 
FULL V 

EMPTY ^ * 

SOTA 

FULL O "O 

EMPTY®* 

TOTA 
PODS 


TOTAL L9. LOAD « 19*59.9 kg (92,900 lb) 
ORBITAL FREQUENCY • 20 Ht 


3 4 

TIME (YEARS) 


Fig. 4-14 L0 2 OTV Tank No-Vent Pressure History 
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COMPRESSED 

LIQUID 
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’ INITIAL LAUNCH 
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PODS-III 

FULL V* V 
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SOTA 

FULL 0 0 

EMPTY®" -0 

TOTAL LH, LOAD • 3220.0 kg (7.100 lb) 
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TIME (MONTHS) 


Fig. 4-15 LH 2 0TV Tank No- Vent Pressure History 
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Fig. 4-16 L0o SSS Tank No-Vent Pressure History 
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Section 5 

CONCLUSIONS. ANO RECOMMENDATIONS ' 

5.1 TASK 1 - MODAL VIBRATION TESTS 

Modal vibration tests were performed on the PODS-1II assembly, and single 
strut frequencies were determined under various preload conditions. These 
test data were compared with analytical results obtained using linear finite 
element analysis theory, Including the effects of preload. 

The analytical models simulated the test configuration by Including the 
accelerometer/clamp assembly that was attached to the fiberglass tube to 
monitor the strut's modal vibration. The results obtained confirmed the 
Initial assumption of the Importance of the effects of this assembly on the 
fundamental frequency and associated mode shape. As-built frequencies were 
predicted by excluding the lumped weight and demonstrated a 10 percent 
Increase in the fundamental frequency for each preload case. This latter set 
of frequencies represents the strut's actual, unencumbered, fundamental 
frequency. 

The fundamental modal response of the strut was dominated by the fiberglass 
tube for both orbit and launch strut configurations; however. In Its orbit 
configuration, the strut's graphite tube also contributed. Analytical and 
test results compared favorably for all but one launch condition case. The 
analytical results differ most significantly from the test results for the 
orbit configuration due to "rattling" of the strut under low preload test 
conditions. Because of this phenomena and the excellent comparisons between 
other analytical and test cases, It Is concluded that the analytical 
frequencies determined are accurate representations of the strut’s fundamental 
frequencies 


PRECEDING PAGE BLANK NOT FILMED 

PAR E INTENTIONALLY BLANK 


The finite element model developed within the scope of this project Is e basic 
model and Is only adequate to represent fundamental strut behavior* The 
tests, however, demonstrated higher, more complex modal .response Including 
torsion and bending. No attempt was made to predtct these higher modes of 
vibration. However, It Is concluded, based on the strut's design, that the 
torsional vibration reported during the tests was a result of the 
accelerometer/clamp offset mass and not due to the strut's structural 
configuration. 

Should the higher modes of the strut be of Interest, It Is recommended that a 
more detailed model be developed to determine the "range of Interest" 
frequencies and associated mode shapes to assess the overall strut dynamic 
response under various preload conditions. In addition, tests should be 
performed at more preload points to compare with the analytical results and 
better define the strut's behavior under these conditions. 

5.2 TASK 2 - BENEFIT STUDY 

For the DTY, the largest benefits of using the PODS-III struts occur with 
fully loaded tanks at launch, at the lowest warm boundary temperatures, and at 
the lowest orbital resonances. Only minimal benefits accrue when the PODS-III 
supports are designed for an empty L0 2 tank at launch. However, the orbital 
resonances are so low, 4 Hz, the SOTA strut resonance value probably will have 
to be Increased substantially (l.e., to 20 Hz) due to engine firings In 
orbit. On the other hand, the PODS-III nonshorted, orbit support resonance 
may not have to be Increased since the orbit resonance rises to 35 Hz when 
Shorted under typical orbital engine acceleration loads* If this occurs, the 
PODS-III support heat leak advantage will Increase over the SOTA strut for an 
empty tank launch. 

For the SSS tanks the same trends hold true. In addition, the non-vapor- 
cooled PODS-III supports have a larger relative advantage over the SOTA struts 
than when they are vapor cooled. 
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Since the cost differential Is small between fabricating PODS-IJI or SOTA 
struts (Ref. 2) and the differential Is an Insignificant fraction of the total 
cryogen tank costs. It Is recommended that the PODS supports be used for all 
OTV end SSS tank, applications. The POOS- IV version currently being developed 
with potentially a side-load shorting resistance ten times that of P0DS-II1 Is 
the recommended design choice Jfac-these large tank applications. 
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Section 7 

APPENDIX A - MODAL RESONANCE TEST RESULTS 

The admittance function and phase plots given here are test data from Section 
3.3. The test numbers shorn on the curves refer to Table 3-2. The axes shown 
give the accelerometer locations and directions. For the phase plots, when 
the. curve hits the 4180 deg or -180 deg line and lumps abruptly to the other 
extreme. It Is only an artifact of the plot routine and does not represent a 
phase shift. 
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